The response of polarization vortex in ferroelectric nanotubes under different levels of curled electric fields is studied by using the phase field method. A critical curled electric field is found, at which the switching of polarization vortex takes place. The vortex switching initiates through the formation of local vortices near the outer surface with the highest energy density. The new vortex grows and the old one shrinks with the motion of local vortices between them. The coexistence of new vortex with original vortex in ferroelectric nanotubes is completely different from that in ferroelectric nanodisks where the coexistence never occurs. It is also found that the interplay between polarizations and strains first retards the nucleation of new vortex. However, once the new vortex appears, the interplay becomes the main driving force for the growth of new vortex.
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Ferroelectric nanostructures are attracting considerable attention due to their unusual physical properties and potential applications in memory devices and nanoelectromechanical systems (NEMS) [1] [2] [3] . The properties of ferroelectric materials in nanometer scale are substantially different from those of their bulk counterparts. One of the most distinguished properties in nanoferroelectrics is the formation of a new order, i.e. the polarization vortex, because of the strong depolarization field [1] . The vortex states are bistable and can be switched from one state to the other, which holds a promise to increase the density of ferroelectric nonvolatile random access memories by several orders of magnitude. The switching of polarization vortex may be realized through a curled electric field induced by a time-dependent magnetic field via t curl ∂ −∂ = × ∇ / B E [4] . What's the minimal curled electric field that could switch the polarization vortex? The answer to this question will be crucial for the application of polarization vortex in future nonvolatile random access memories. To our knowledge, this issue has not been studied before.
Another important and interesting topic in the field is the switching mechanism of defectfree polarization vortex. Due to the small size, ferroelectric nanostructures have less structure defects (vacancies, dislocations, etc.). These defects are often the nucleation sites of new domains in bulk ferroelectric materials [5] . Even in the absence of a structure defect, some ferroelectric nanostructures (such as dots, disks and rods) still have an intrinsic topological defect at the vortex core due to their geometry constraints. Near the vortex core, the shape change of polarization will induce large strain energy through the coupling between the polarization and the strain. The vortex center will be the nucleation center for a new vortex under a curled electric field [4] . Ferroelectric nanotubes (FNTs), which received much attention recently [6] [7] [8] , have the same topology as a core-free vortex structure. Recent phase field simulations show that the polarizations in ferroelectric nanotubes form a perfect vortex structure without any intrinsic topological defects [9] . Thus, ferroelectric nanotubes are 3 suitable candidates for the investigation of the switching mechanism of defect-free polarization vortex under curled electric fields.
Most previous works assumed the polarization switching of ferroelectrics as a thermally activated nucleation process [10, 11] . According to the Landauer paradox, the small thermal fluctuation energy can not surpass the implausibly large nucleation activation energy [12] .
Despite about half a century of extensive theoretical and experimental effort, the microstructural origins of the Landauer paradox are still poorly understood [13] . Recent experiments show that the highly concentrated electric field induced by the piezoresponse force spectroscopy (PFS) makes the polarization switching in single domains close to the intrinsic thermodynamic limit [14, 15] . Although the switching mechanism in PFS is different from the traditional planar capacitor cases, the opposite domains still nucleate from the surface or from atomic scale defects. For both the planar capacitor and PFS cases, the normal polarization component is nonzero and discontinuous on the surface. New domains often nucleate from the surface. For the polarization vortex in ferroelectric nanotubes, the polarization vectors form perfect closed loops in annular direction, which makes the polarizations continuous along the vortex direction. Therefore, the polarization switching of defect-free ferroelectric vortex under curled fields is significantly more complex than those of planar capacitor and PFS cases.
In this letter, we perform phase field simulations to investigate for the first time the intrinsic switching of a defect-free polarization vortex in ferroelectric PbTiO 3 nanotubes subjected to a curled electric field. The phase field simulations are based on the timedependent Ginzburg-Laudau equation, mechanical equilibrium equation and Gauss' law. In the phase field approach, the total free energy of a ferroelectric system is obtained by integrating the Helmholtz free energy density over the whole volume. The Helmholtz free 4 energy density ψ is related to the electrical (Gibbs) enthalpy density h by the Legendre
, where D and E are electric displacement and electric field, respectively. The electrical enthalpy is a function of polarization P , strain ε , polarization gradient P ⋅ ∇ and electric field E , which can be expressed as [16] [17] [18] 
The first term on the right hand side of Eq. (1) represents the Landau-Devonshire free energy density. The second and third terms are the elastic energy density and the coupling energy density between the strain and the polarization. The fourth term is the gradient energy, which is attributed to the spatially inhomogeneous polarization. The last term is the electric energy density due to the presence of the electric field. In the present study, we extended the electric field E in Eq. (1) , is employed here, where S is the vorticity vector of the curled field. The vorticity vector S is thermodynamically conjugated field to the toroidal moment of polarization G , which is defined as
. With the presence of different vortices S , the toroidal moment G will change correspondingly.
The temporal evolution of the polarization in ferroelectric nanotubes is obtained from the following time-dependent Ginzburg-Landau equation
where L is the kinetic coefficient,
is the total free energy of the simulated system, we normalize all material parameters as in Refs. [21, 22] and solve the normalized equations.
Then the normalized solutions without units are transferred to the non-normalized quantities with units based on the normalization formula.
The prescribed vorticity vector of the curled field is assumed as Fig.2 (c) . Figure 3 shows snapshots of local polarization distributions corresponding to the different evolution times during switching from point B to C in Fig.1 .
The polarizations in the area with higher energy density first decrease in magnitude while orientation remain unchanged as shown in Fig.3 (a) . As the evolution time increases, some polarizations near the outer surface reverse and become aligned along the curled electric field as shown in Fig.3 (b) . The locations of the reversed polarizations in Fig.3 (b) coincide with the highest energy density in Fig.2 (c) . This result suggests that the new vortex nucleates at the locations with highest energy density. The absence of thermal fluctuation in phase field model means the nucleation is thermodynamically intrinsic. It is interesting that the nucleation process takes place through the formation of four embedded local vortices, which are shown by four ellipses in Fig.3 (b) . When the evolution time increases to t/t 0 =6.6, the local vortices move towards the inner surface as shown in Fig.3 (c) This is completely different from that of ferroelectric nanodisks with topological defect, in which the G − and G vortices never coexist [4] . We attribute the difference to the absence of topological defect in nanotubes. The topological defect in nanodisks is the nucleation center for the lateral vortex which acts as a bridge between the G − and G states. by the curve with solid circles, is obtained by integrating the Helmholtz free energy density over the whole volume. The Helmholtz free energy density is important because it contains information on energy barriers for switching. The total free energy curve shows that the highest energy barrier occurs at t/t 0 =6.6. Unlike in nanodisks [4] , there is no local energy valley, due to the absence of the perpendicular toroidal moment, during the whole switching process in nanotubes. After switching, the magnitudes of in-plane polarizations 1 P and 2 P become larger as shown in Fig.4 (b) . The larger polarizations in the vortex structure imply a larger elastic energy because of the larger lattice distortion. This is the reason why the elastic energy after switching are larger than before switching as shown by the curve with upper triangles in Fig.4 (a) . The gradient energy is relatively small compared to other energies both before and after switching. It is interesting to find that the coupling energy between the polarization and strain, represented by the curve with lower triangles in Fig.4 (a) , increases before t/t 0 =6.6. According to Fig.3 (c) , the new vortex is formed at t/t 0 =6.6. After this point the coupling energy decreases dramatically. This result suggests that the interplay between polarizations and strains first retards the nucleation of new vortex. However, once the new vortex is formed, the interplay becomes the main driving force for the growth of new vortex.
The curve with solid triangles in Fig.4 (b) shows the polarization component in the 3 x direction is always zero, which indicates there is no lateral vortex during switching.
To conclude, we investigate the intrinsic switching mechanism of polarization vortices in ferroelectric nanotubes subjected to curled electric fields. The vortex switching takes place through the nucleation of local vortices when the curled electric field exceeds a critical value.
The new vortex grows and the old one shrinks with the motion of local vortices between them, which is different from the traditional domain wall motion. It is also found that the interplay between polarizations and strains plays different roles in the different phases of switching.
The interplay first retards the nucleation of the new vortex. However, once the new vortex appears, the interplay becomes the main driving force for the growth of new vortex. The coexistence of a new vortex G − domain and the original vortex G during the switching suggests that the domain coexistence mechanism is still valid for the toroidal moment switching in defect-free ferroelectric nanotubes. This is completely different from that of ferroelectric nanodisks with topological defect, in which the G − and G vortices never coexist [4] . We attribute the difference to the absence of topological defects in nanotubes. The topological defect in nanodisks is the nucleation center for the lateral vortex which acts as a bridge between G − and G states. The response of the toroidal moment to a cycling curled electric field shows a symmetrical and rectangular-like hysteresis loop, which suggests that the polarization vortex in ferroelectric nanotubes has the potential application in future nonvolatile random access memories. 
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